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The 2007 Niigata-ken Chuetsu-oki earthquake generated strong ground motions in Kashiwazaki and Kariwa,
where the world largest nuclear power plant was in operation. Due to the complexity of the aftershock distribution,
activation of the northwest-dipping fault and/or the southeast-dipping fault is proposed. To explore the fault
geometry and source process of the earthquake, we performed multi-time window linear waveform inversions
for both the fault planes from near-fault strong motion data. A fault plane model of 30 km in length by 24 km
in width was set to cover the region of aftershock distribution within 24 h of the mainshock. Both inverted slip
models provided moment magnitudes of 6.7 with a small asperity near the rupture starting point, and a large
asperity approximately 10 km southwest of the rupture initiation, which is located in the region of relatively
sparse aftershock distribution. Both the small and large asperities are located near the intersection between the
two conjugate fault plane models, and the asperities of both models have similar radiation patterns. Therefore,
the difference of the residuals between the observed and synthetic waveforms for bothmodels was not signiﬁcant,
indicating that it is difﬁcult to conclude which fault is the rupture.
Key words: Source process, waveform inversion, 2007 Niigata-ken Chuetsu-oki earthquake, near-fault strong
motion.
1. Introduction
The 2007 Niigata-ken Chuetsu-oki earthquake occurred
on July 16, 2007, 10:13 JST (37.557N, 138.608E, 17 km
depth, MJMA = 6.8; Japan Meteorological Agency, here-
after JMA). The earthquake generated strong ground mo-
tions in Kashiwazaki and Kariwa. During this event,
K-NET and KiK-net strong-motion networks (Kinoshita,
1998; Aoi et al., 2000, 2004) recorded ground acceler-
ations at 390 and 307 stations, respectively. The maxi-
mum peak ground acceleration (PGA) of 813 cm/s2 was
observed at the K-NET Kashiwazaki station (NIG018), and
distinct non-linear behavior was identiﬁed at the site (e.g.,
Aoi andMorikawa, 2007; Yoshida et al., 2007). Very strong
groundmotions were recorded at the foundation slabs (base
mats) of all seven reactors of the Kashiwazaki-Kariwa nu-
clear plant operated by the Tokyo Electric Power Company
(TEPCO), which is located on stiff soil with a Vs of ap-
proximately 500 m/s. The maximum PGA recorded at the
reactor foundation slabs (base mats) was 680 cm/s2, which
exceeds the design level of the nuclear power plant. Two or
three pulses are clearly seen in the ground motions at these
reactors. Similar pulses were widely observed in the near-
fault area, suggesting a complex rupture process consisting
of multiple subevents.
The focal mechanism of the earthquake was estimated to
be a nearly pure reverse fault with a northeast-southwest
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strike direction based on Hi-net (Obara, 2003) and F-net
(Fukuyama et al., 1996) analyses (Fig. 1). The aftershock
distribution for the earthquake is quite complex, so that rup-
ture on both the SE-dipping fault (e.g., JMA, 2007; Yuku-
take et al., 2008) and the NW-dipping fault (e.g., Hirata et
al., 2007) was proposed. A series of F-net moment ten-
sor analyses indicated that major aftershocks with reverse
faulting aligned with the SE-dipping fault (Matsumoto et
al., 2007). The Geographical Survey Institute (GSI, 2007)
reported that the most plausible source model satisfying
geodetic data is a combination of two NW-dipping faults.
However, these analyses of the aftershock distribution, mo-
ment tensors, and geodetic data have yet to properly clarify
the fault plane responsible for the mainshock.
Figure 2 showed that the observed peak ground accelera-
tions (PGAs) and peak ground velocities (PGVs) are consis-
tent with the empirical attenuation relations of Si and Mi-
dorikawa (1999) at fault distances larger than 20 km, in-
dependent of which fault plane is assumed. The observed
PGAs and PGVs in the near-fault region, on the other hand,
were obviously larger than predicted in the case of the SE-
dipping fault, yet remain in general agreement with the pre-
dictions assuming the NW-dipping fault. However, in the
near-fault region, the fault distance used in the attenuation
relationship becomes more sensitive to the fault geometry,
such as the assumed location and size of the fault plane.
In addition, the near-fault ground motions are strongly af-
fected by complex source processes and the hanging-wall
effect (Abrahamson and Somerville, 1996). Therefore, we
cannot uniquely determine which fault plane is appropriate
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Fig. 1. Distribution of the observation stations used for the inversion analysis (solid circles). Solid squares show stations of the K-NET Kashiwazaki
(NIG018) and the Kashiwazaki-Kariwa nuclear power plant (TEPCO). Rectangles show the surface projections of the two fault plane models. Star
indicates the epicenter of the mainshock. Open circles denote aftershock locations within 24 h of the mainshock estimated by Yukutake et al. (2008),
using manual picking of Hi-net data and hypoDD (Waldhauser and Ellsworth, 2000). Focal mechanisms were estimated by the polarity of P-wave
























































1 10 100 1000 1 10 100 1000







































Fig. 2. Comparisons of the observed peak ground accelerations (PGAs; left panels) and peak ground velocities (PGVs; right panels) with the empirical
attenuation relations. Upper and lower panels show the cases respectively assuming Model A (NW-dipping fault) and Model B (SE-dipping fault)
used in this study. Dashed and dotted lines represent the empirical attenuation relations by Si and Midorikawa (1999) and those standard deviations,
respectively. PGVs are converted from the observed velocities on the ground surface into those on a stiff-soil site, where Vs is 600 m/s, following the
method of Si and Midorikawa (1999). The number of PGVs is less than that of PGAs because the method requires Vs structure of the stiff-soil layer
or 30 m in depth at the site.



























Fig. 3. Estimated total slip distribution for Model A (NW-dipping fault) and Model B (SE-dipping fault). Star indicates the rupture starting point.
Arrows show the amplitude and direction of slip.
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Fig. 4. Comparison between the observed (black) and synthetic (red) velocity waveforms for Model A (NW-dipping fault) and Model B (SE-dipping
fault). Maximum values for each component are indicated in the upper-left of each trace in m/s.
from this examination.
In the present study, we explore the source process that
generated strong ground motion in the Kashiwazaki area
characterized by the two or three pulsive waves. We also
wished to examine the possibility that near-fault strongmo-
tion records distinguish the superiority of fault plane geom-
etry among the two possible fault models.
2. Fault Models and Method of Inversion Analysis
Figure 1 shows that locations of aftershocks occurring
within 24 h of the mainshock estimated by Yukutake et
al. (2008). The hypocenter locations were determined by
hypoDD (Waldhauser and Ellsworth, 2000) using manual
picking and waveform cross-correlation analysis of Hi-net
data. Focal mechanisms were estimated from the polarity
of P-wave ﬁrst motion by Hi-net and the moment tensor
analysis of F-net data.
As the fault plane for the mainshock has not been clearly
determined from the aftershock distribution, we performed
waveform inversions for Model A (NW-dipping fault) and
Model B (SE-dipping fault). Their strike, dip, and rake an-
gles were set to those of the moment tensor solutions by
F-net. The former is N215E, 49, 80 degrees, and the latter
is N49E, 42, 101 degrees for strike, dip, and rake angles,
respectively. The hypocenter determined using Hi-net data
was located at 37.54N, 138.61E, and 8.9 km depth (Yuku-


























Fig. 5. Projection of inverted slip distribution for Model A (NW-dipping fault) and Model B (SE-dipping fault). Blue circles denote aftershock locations
estimated by Yukutake et al. (2008). The large asperities in both the models are located in a region of relatively sparse aftershock distribution.
take et al., 2008). For waveform inversion, we assumed a
rupture starting point at the same epicenter and 8 km depth,
and a fault plane model of 30 km in length by 24 km in
width to cover aftershock distribution within 24 h of the
mainshock.
Amulti-time window linear waveform inversion analysis
(Hartzell and Heaton, 1983) was applied to estimate the rup-
ture process for both fault planes. We used near-fault strong
motion data of 14 stations shown in Fig. 1 from K-NET,
KiK-net (downhole), F-net, JMA (JMACB6), and Niigata
prefecture (L65039). The observed acceleration records
were integrated into velocities, except for F-net velocity
data recorded by VSE-355G2, and then bandpass-ﬁltered
at 0.1–1.0 Hz. We inverted 14 s of the S-wave portion
from 1 s before the S-wave arrivals. As the S-wave onset
was difﬁcult to identify in most of the observed mainshock
waveforms due to the relatively low-amplitude of the initial
phase, we estimated these using the S-P times read from
the observed waveforms of an aftershock. The differences
between the hypocenter locations of the mainshock and the
aftershock were corrected using an assumed velocity struc-
ture model.
Theoretical Green’s functions were calculated using the
discrete wavenumber method (Bouchon, 1981) and the R/T
matrix method (Kennett and Kerry, 1979) with the differ-
ent stratiﬁed medium for each station. Some of the stations
are located on the Niigata plain, which is characterized by
sediments of up to 7 km in thickness. The sediment struc-
tures beneath the stations are modeled in reference to P-S
logging data provided by NIED, and the results of founda-
tion reﬂection surveys and foundation drillings conducted
by the Ministry of Economy, Trade and Industry (METI). A
convolution of moving dislocation was introduced to repre-
sent rupture propagation in each subfault (Sekiguchi et al.,
2002).
In themulti-time window linear waveform inversion pro-
cedure, the moment-release distribution is discretized in
both space and time. Discretization in space is performed
by dividing the model fault planes into 180 subfaults, each
2 km by 2 km in size. Six smoothed ramp functions with a
duration of 1 s separated by 0.5 s are then applied to repre-
sent the slip velocity time function on each subfault.
We solved the least-squared equations to obtain the slip
amount of each time window on each subfault to mini-
mize the squared residual of the waveform ﬁt between the
observed and synthetic waveforms. To reduce instability
or excessive complexity, smoothing constraints were intro-
duced to reduce differences among slips close in space and
in time. Non-negative constraints (Lawson and Hanson,
1974) to limit the rake-angle variation were also applied.
The rake angles were allowed to vary within plus-minus
45 degrees centered at 80 degrees for Model A and 101 de-
grees for Model B, corresponding to the rake angles of the
moment tensor solutions provided by F-net. Many inver-
sions were performed over various values of triggering ve-
locity for the ﬁrst time windows and smoothing strength,
and the most appropriate values for each were selected
based on the residual of the waveform ﬁts and Akaike’s
Bayesian Information Criterion (ABIC; Akaike, 1980), re-
spectively.
3. Results and Conclusions
Figure 3 shows the distribution of slip and Fig. 4 displays
the comparison between the observed and synthetic veloc-
ity waveforms. Model A (NW-dipping fault plane) has a
total seismic moment of 1.42 × 1019 N m (Mw = 6.7). We
obtained a large asperity in the southwest deeper part of
the rupture starting point, which is close to Kashiwazaki.
Model B (SE-dipping fault plane) has a total seismic mo-
ment of 1.62 × 1019 N m (Mw = 6.7). We obtained a large
asperity in the southwest shallower part of the rupture start-
ing point, which is also close to Kashiwazaki. In bothmod-
els, we found a small asperity near the rupture starting point
and a large asperity approximately 10 km southwest of the
S. AOI et al.: SOURCE PROCESS OF THE 2007 NIIGATA-KEN CHUETSU-OKI EARTHQUAKE 1135
rupture starting point, these had a maximum slip of 2.3 and
2.5 m for Models A and B, respectively. The large asper-
ities fall on to the area with relatively sparse aftershock
distribution. The second and third velocity pulses of the
observed velocity waveforms seem to be composed of slip
from the large asperity. The triggering velocities for the ﬁrst
time windows giving the best waveform ﬁts were 2.5 km/s
for Model A and 2.1 km/s for Model B. As the difference
of the residuals between the observed and synthetic wave-
forms for both the models was not signiﬁcant, it is difﬁcult
to conclude which fault plane more appropriately explains
the observations.
As shown in Fig. 5, both the small and large asperities
estimated in the inverted source models with the Models A
and B are located near the intersection of the two conju-
gate fault plane models, which should have similar radia-
tion patterns. Small discrepancies in location, depth, and
radiation pattern of the asperities between both the mod-
els may be the reason why an assessment of the fault plane
dipping is so difﬁcult. Model A, Model B, or a mixture
would be considered plausible fault planes for the earth-
quake. The recently reported aftershock distribution deter-
mined using ocean bottom seismometers (e.g., Shinohara et
al., 2008) supports a SE-dipping fault plane. The Earth-
quake Research Committee (2008) concluded that the ma-
jor causative fault for the earthquake is a SE-dipping fault
plane. In light of the above consensus, our Model B would
appear to be the model of choice. Further careful exami-
nation of strong motion data and geodetic data will be nec-
essary to clarify the fault orientation and source process of
this earthquake.
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